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The tidal energy sector is a rapidly growing industry both in the UK
and beyond (EOEA, 2012). The commercial interests are now moving
towards deployment of large arrays of tidal energy extraction devices.
In relation to the installation of large scale tidal turbine arrays numerous
factors, many quite uncertain at the moment and linked to site specifi-
cations, will determine the array location and operating characteristics.
One such factor that will play an important role in any decision making
process is the associated impact of in-stream tidal energy converters on
the ambient marine environment (Schlezinger et al., 2013; Fallon et al.,
2014; Waggitt and Scott, 2014).
A particular concern is the extent to which changes to the tidal
currents arising from energy extraction will impact the natural sedi-
ment transport regime and hence the sea bed morphology. Due to the
sparseness of sediment data inmost deployment sites, only very limited
studies have so far included the impacts of tidal energy extraction on
sediment transport and morphology (Neill et al., 2009; Neill et al.,
2012; Robins et al., 2014). In-stream tidal turbines will decrease the
flow velocities in the vicinity of the array layout, as well as notable
reductions in current flows will occur even beyond the boundaries of
the array (Neill et al., 2012). As bed shear stresses have a quadratic
dependence on flow velocity, sediment transport has an even higher
power of dependence on flow velocity (Soulsby, 1997). As a result,u).
. This is an open access article undertidal energy extractionmay have amuch greater influence on the tidally
induced sediment transport patterns than on the tidal currents. As part
of the environmental impact assessment of new large scale tidal turbine
array installations, it is essential that the existing sediment dynamics
responsible for the maintenance mechanisms of the observed sea bed
sedimentary structures in and around turbine array deployment sites
are investigated and understood.
The selected site for this study is Pentland Firth, which divides the
Scottish mainland from the Orkney Islands (Fig. 1). It is considered to
be one of the most favourable sites for tidal energy harvesting in the
UK, due to the prevailing extremely high tidal flows (Couch and
Bryden, 2008). The main aim of this research is to understand the
sediment transport and morphodynamic environment of the existing
seabed in the Inner Sound Channel in Pentland Firth, where large scale
tidal current turbine array installations may take place in future. We
used a rigorously tested and widely used Delft3D coastal area model
to investigate the response of sea bed sediment dynamics to 3D flow
structure of the Inner Sound Channel. The existence, integrity and evo-
lution of two large sandbanks in the Inner Sound Channel, which have
significant morphological and ecological value, will be examined in de-
tail by linking theirmorphodynamicswith the existingflow regime. The
type of sandbanks studied in this research is typical of the sand deposits
that may form and exist closer to tips of islands and in areas where
complex tidal current regimes force sediment to accumulate into finite
spaces while the surrounding areas are largely sediment free (Bastos
et al., 2003; Berthot and Pattiaratchi, 2006). As a result, even though
the results presented in this study are site specific, the generic method-
ology employed in the investigation should have wider application.the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. “The Pentland Firth site.” 58°42′58.97″N and 3°06′53.47″ E. Google Earth. January 1, 2004. December 16, 2015; Upper left figure: “United Kingdom.” 55°30′41.31″ and 3°21′25.69″.
Google Earth. April 10, 2013. December 16, 2015.
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Sound channel is given. In Section 3, the sediment coverage and charac-
teristics inside Pentland Firth, Inner Sound channel are described.
Section 4 explains the methodology used. In Sections 5 and 6 the
morphodynamic environment of the two large sandbanks located in
this area is modelled and discussed. Section 7 concludes the paper.
2. Overview of the hydrodynamics of Inner Sound Channel
Pentland Firth (PF), located betweenOrkney Islands and the north of
Scottish mainland joins the Atlantic Ocean and the North Sea (Fig. 1).
Differences in tidal range and phase at both ends of the PF result in
tidal currents of up to 8 m/s in certain locations for 2.5 m head drop
over a tidal cycle. This provides an abundant energy resource for tidal
current turbine deployments (Baston and Harris, 2011). The Inner
Sound channel separates the Island of Stroma in Pentland Firth and
the Scottish Mainland (Fig. 1). Water depths between 25 and 30 m
coupled with fast moving tidal flows in the Inner Sound Channel
provide a very favourable collation of site characteristics for tidal energy
extraction (Easton et al., 2010; Goddijn-Murphy et al., 2013). The com-
plex 3D hydrodynamic environment of this area has been extensively
investigated in previous work through numerical modelling studies(Baston and Harris, 2011; Baston et al., 2013; Chatzirodou and
Karunarathna, 2014).
Chatzirodou and Karunarathna (2014) used a large scale 3D hydro-
dynamic model Delft3D (Lesser et al., 2004) to reproduce the dynamics
of tidal flows in Pentland Firth. A shelf wide flow model developed by
Baston et al. (2013) was used to obtain boundary conditions for this
large scale model. The model was able to capture the existing hydrody-
namics of Pentland Firth during a period of two spring-neap tidal cycles
(09/09/2001–09/10/2001). Results from this large scale hydrodynamic
model produced appropriate boundary conditions for a nested higher
resolution hydrodynamic and morphodynamic model covering the
Inner Sound channel (Fig. 2), which will be used in this study.
The detailed hydrodynamic study of the Inner Sound Channel
revealed that at spring ebb phase, a channel flowwas formed and trav-
elled further offshore from the western side of the Island of Stroma.
Strong ebb currents exited the North-West part of Inner Sound with
200°–250° flow direction. At spring flood phase, a tidal jet was formed
to the south of the ebb channel flow and travelled eastwards in a
constrained path located in the middle part of Inner Sound channel.
Maximum flood flows were observed inside the central part of the
tidal jet whereas decreasing velocity gradients were observed further
eastward (Chatzirodou and Karunarathna, 2014). Overall, a distinct
Fig. 2. Large scale hydrodynamicmodel domain used to investigate 3Dflowdynamics of Pentland Firth and the small high resolution Inner Sound channelmodel used in this study. A: Shelf
wide model (2 km ∗ 2 km), B: Large scale model of Pentland Firth (200 m ∗ 200 m) and C: Small scale high resolution model of the Inner Sound Channel (60 m ∗ 60 m).
247A. Chatzirodou et al. / Marine Geology 380 (2016) 245–263inequality occurred in response to the strength and directionality of the
computed channel flows between the ebb and flood phase. The
asymmetry found between maximum ebb and flood currents in Inner
Sound channel revealed a notable residual circulation pattern at both
sides of the Island of Stroma, and close to the areas where the two
large sandbanks, investigated in this study, are observed. Residual
flow patterns are found to be notably weaker than the transient flow
characteristics. As a result, bed shear stresses on the sandbank areas
exceed their critical value during maximum ebb and flood flows,
which may lead to sediment movement.3. Sand coverage inside Pentland Firth, Inner Sound Channel
British Geological Survey (BGS) (2013) particle size data around the
UK and a series of benthic video trawls conducted by Marine Scotland
Science (MSS) in 2010 in Scottish waters were used to describe sand
coverage, sediment characteristics and sea bed morphology in the
Pentland Firth, Inner Sound channel. Data were provided by the EPSRC
funded Terawatt project (EP/J010170/1). Both BGS (2013) and MSS
(2010) data were post-processed in Delft3D-Quickin suite (Deltares,
2011) to develop a sediment coverage map in the Pentland Firth
Fig. 3. Description of sand coverage in Pentland Firth channel by use of both BGS particle size data (2013) and MSS database of benthic video trawls (2010). Data were processed in
Delft3D-Quickin suite (Deltares, 2011).
248 A. Chatzirodou et al. / Marine Geology 380 (2016) 245–263(Fig. 3). It can be seen in Fig. 3 that sediment availability in this area is
limited and that most of the seabed consists of sediment free bedrock.
However vast shell sand deposits lying on scoured bedrock are abun-
dant in some areas (Shields et al., 2009). The recorded sediment data in-
side Pentland Firth reveal a highly spatially variable natural sediment
dynamics environment. Despite the scarcity of data,MSS (2010) images
of the seabed in Pentland Firth channel reveal regions of a broad range
of seabed types presented in Fig. 4, which includes sand veneers on
scoured bedrock, large cobbles with ponded sand and gravel zones,
large regions of sand waves and sandbank areas.
A few availableMSS (2010) sediment samples also reveal some sand
deposits eastward in the lee side of Stroma, which was confirmed by
Easton et al. (2011). A rippled sandy region lying directly in the lee of
the Island of Stroma and a sandbank area north-eastward of the Inner
Sound, were found to be of significant extent. It was found that the loca-
tion of the sandbank area north-eastward inside Inner Sound coincides
with a convergent zone between peak ebb and flood currents. Regions
of sediment accretion have been also formed in the observed sandy
region, in the leeward side of Stroma (Easton et al., 2011).
A wide range of sea bed types inside the Inner Sound channel has
been identified by MeyGen (2012), based on a Klein 3000 side-scan
sonar geophysical survey conducted by iXSurvey (2009). This report
reveals the presence of scoured bed rock areas, gravel and cobble
dominated seafloor lying upon rock outcrops and coarse sand-grainedsandbank regions, unevenly distributed around the southward tip of
the Island of Stroma.
iXSurvey (2009) revealed a large pear shaped sandbank (A) located
north-eastward inside the Inner Sound channel. This sandbank lies in a
SW–NE direction, making approximately 60° with the North and with a
maximum height of ~15 m above the surrounding maximum water
depth of ~35 m on scoured bedrock. The depth gently decreases to-
wards the crest of the bank in the north-eastern side. The sandbank is
almost 3 km long and 1 km wide and is characterized by discrete large
and medium size sand waves with maximum length (L) of 20 m and
height (H) of 0.5 m. A smaller scale sandbank region (B) located in the
westward side of the Island of Stroma in NW–SE direction at a maxi-
mum depth of approximately 33 m has also been discovered. Large
sand ripples of approximately 14 m length and 0.2 m height were
found to cover the whole bank area. As already identified by Easton
et al. (2011), a less expanded sandbank (C) where small sand ripples
are formed, was observed directly in the lee of the Stroma southward
of Mell Head. This sea bed feature is oriented NE–SW, parallel to the
coastline. The remaining seabed areas of the Inner Sound channel
consist of sediment free, non-erodible bed rock.
MeyGen (2012) also presents analyses of the sediment grain size
distribution within the most significant seabed features identified
above, based on sediment sampling surveys conducted by the Aquatic
Survey and Monitoring Ltd. (ASML). The sea bed samples consist of
Fig. 4. Images from MSS database of benthic video trawls (2010) showing various seabed structures found in Pentland Firth channel.
249A. Chatzirodou et al. / Marine Geology 380 (2016) 245–263N50% of coarse sand and fine gravel (1–4 mm) on the sandbank (A),
lying at water depths in between 18 and 30 m. In contrast, the small-
scale westward sandbank (B) located in deeper areas (~30–35 m) is
mostly covered by coarser sand andfine gravelwith grain sizes between
2mmand 5mm. On the bed form (C), finer sandwas found at the north
side in contrast to coarser sand found at the outer side southward.
Bedrock outcrops and discontinuous thin veneer of sandy gravel and
cobbles, free from discrete transversal bed forms, were also recognized
in the intermediate areas.
Based on MeyGen (2012) observations, which were verified by BGS
(2013) and MSS (2010) data and literature findings of Easton et al.
(2011), a sea bed feature map including the sandbanks A, B and C was
reconstructed inside Inner Sound, using the Delft3D-Quickin suite
(Deltares, 2011). The sandbanks are located in very close proximity to
the proposed large scale tidal turbine array in the Inner Sound ChannelFig. 5. Sea bed features map inside Inner Sound channel has been reconstructed using Delft3D
found in MeyGen (2012) and having been verified by BGS (2013) and MSS (2010) data and l
C. The intermediate regions are covered by non-erodible rock substratum. The colour bar indic(Fig. 5) (Meygen, 2012). The sandbank C is of much smaller size com-
pared to the sandbanks A and B. Therefore, this study will focus on the
dynamics of the two largest sandbanks, whichmay bemost likely influ-
enced by the change in tidal current regime due to tidal energy extrac-
tion in future.
4. Morphological model set up
To investigate the morphodynamic environment of two sandbanks
(A, B), open source Delft3D, D-Morphology modelling suite, developed
by Delft Hydraulics (Lesser et al., 2004) is used. The programme utilizes
a finite difference representation of the unsteady swallow water
equations in 3 dimensions to compute sediment transport processes
(both suspended and bed load rates) and morphological changes. In
the vertical direction momentum equation reduces to a hydrostaticQuickin suite (Deltares, 2011). Sandbank availability data were taken from observations
iterature findings (Easton et al., 2011). Grey patches denote mobile sandbank areas A, B,
ates water depth values (m).
Fig. 6. The hydrodynamic mesh is mapped onto gridded bathymetry data available at (20 m ∗ 20 m) resolution. The colour bars indicate water depth values (m).
250 A. Chatzirodou et al. / Marine Geology 380 (2016) 245–263pressure assumption since accelerations due to buoyancy terms and
abrupt variations in complex topographic features are assumed to be
small, in comparison to gravitational acceleration (Lesser et al., 2004).
A staggered grid with varying resolution from 200 to 2000 m in deeper
areas in Pentland Firth and 66 m in Inner Sound was set up. The model
domain extends from 58°00′N to 60°00′N and from 5°44′W to 1°32′W
(Fig. 2). The tidal forcing conditions along the open boundaries of the
domain were generated by the TPXO 7.2 Global Inverse Model (Egbert
et al., 1994), based on themajor semi-diurnal (M2, S2, N2, K2) and diur-
nal (K1, O1, P1, Q1) tidal constituents. Model bathymetry data wereFig. 7. Horizontal velocity (m/s) at the bottom layer, at maximum spring ebb tide (19/09/2001
colour bar indicates the magnitude of velocity and arrows indicate velocity direction.taken from The Crown Estate (TCE), UK, the organization responsible
for authorizing the leasing of sea bed areas in the UK waters for tidal
and wave energy extraction. The gridded bathymetry data available at
20 m resolution were mapped onto the model domain, thus allowing
for a detailed representation of a very complex bathymetry (Fig. 6).
In the vertical water column, the computational grid is defined byσ-
coordinates (Lesser et al., 2004). A 3Dmodelwill resolvewith higher ac-
curacy, in comparison to a 2D model, the complex tidal flows and
consequently the bed evolution patterns (Jones et al., 2006). To increase
the efficiency of the 3Dmodel and to maintain the computation time at2:40) on the sandbank A. Continuous black lines denote the extent of the sandbank. The
Fig. 8. Bed load sediment transport rates (m3/s/m), at maximum spring ebb tide (19/09/2001 2:40) on the sandbank A. Continuous black lines denote the extent of the sandbank. The
colour bar indicates the magnitude of sediment transport rates and arrows indicate sediment transport direction.
251A. Chatzirodou et al. / Marine Geology 380 (2016) 245–263acceptable level a compromise needs to be made between the number
and the vertical structure of the selected σ-layers. Ten equidistant
σ-layers were used in the present study.
In all computations presented in this paper, a constant Chezy value
of 50 m1/2/s was used as the representative magnitude of the regional
roughness of the sea bed in the modelled area. The validated model,
introduced in Section 2, showed that the best agreement between
the modelled and measured current velocity profiles was found when
a constant bed roughness value of 50 m1/2/s was used. A detailed
study on calibration and validation of the models can be found in
Chatzirodou and Karunarathna (2014). Higher Chezy values represent
a smoother bed whereas lower values represent a rougher bed. It is
understood that sediment transport strongly depends on local sea
bed roughness which in turn is influenced by migrating bed forms
generated by sand movements. However, due to the scarcity of theFig. 9. Bed shear stresses (N/m2) atmaximumspring ebb tide (19/09/2001 2:40) on the sandban
dashed line denote the parts of maximum bed shear stresses which significantly exceed the crdata, we will not be able to consider spatial variability of the bed
roughness.
A key feature of theD-Morphology suite is that it allows the computed
flows to adjust to local bed level changes. Themodel solves the governing
equations and dynamically feeds back to the bedload sediment transport
formula used in present work in order to determine sediment transport
vectors and hence bed change. The water depth at grid cell centres is
updated based on the change in quantity of the bottom sediment in
each control volume. The bed shear stress used to calculate the bed load
transport rates is taken from the downwind cell faces. The bed level at
the inflow boundaries, covered by non-erodible regions is prescribed
assuming zero sea bed variations.
The turbulent flows are vertically resolved by applying the κ-epsilon
turbulence closure model (TCM). The horizontal eddy viscosity term
which represents the turbulent length scales generated by the flow inkA. Continuous black lines denote the extent of the sandbank. The regions above the black
itical bed shear stress magnitude on the north-western flank of the sandbank.
Fig. 10. Bed load sediment transport rates (m3/s/m) close to slack water time (19/10/2001 5:20) on the sandbank A. Continuous black lines denote the extent of the sandbank. The colour
bar indicates the magnitude of sediment transport rates and arrows indicate sediment transport direction.
252 A. Chatzirodou et al. / Marine Geology 380 (2016) 245–263the horizontal direction is partly approached by a constant background
value which varies from 10 to 1 m2/s in the higher resolution grids. In
3D simulations the horizontal eddy viscosity is eventually calculated
at each σ-layer, as the sum of the constant background value and the
vertical eddy viscosity, computed from the turbulent closure model.
In the presentmodel setup, Van Rijn (1993) sediment transport for-
mula is used to calculate bed load transport rates. For a flat-bed case and
for tidally induced near bed load transport, the Van Rijn (1993) formula
reads:
Sbj j ¼ 0:5ρsSedD50u
0
D
−0:3T ð1Þ
where |Sb| (kg/m/s) is the bed load transport rate; u ⁎ ' (m/s) is the effec-
tive bed shear velocity related to grains; D⁎ is the dimensionless particle
diameter; T represents the dimensionless bed shear stress; ρs (kg/m3)
is the density of the sediment fraction and SedD50 (m) equals to the
median grain size diameter. Both u ⁎ ', T are calculated from the velocityFig. 11.Horizontal velocity (m/s) at the bottom layer, at maximum spring flood tide (19/09/200
colour bar indicates the magnitude of velocity and arrows indicate velocity direction.assigned to the first computational layer above the seabed. The sedi-
ment size is assumed to follow a piece-wise log uniform distribution.
Berthot and Pattiaratchi (2006) found that tidal flows predominant-
ly contribute to preserve existing sandbanks and that the sediment
grain size and availability of sand will not play an important role once
sandbanks are formed. Thus in the present model set up, a single sedi-
ment size (SedD50) value of 3 mm (3000 μm) on the north-east crest
and 2mm(2000 μm) on the south-westflank are used for the sandbank
A area. A single SedD50 value of 4 mm (4000 μm) is selected for the
sandbank B. The immobile areas lying in between the sandbanks and
further offshore on the rest of locations will represent non-erodible
regions for the morphodynamic simulations.
Themagnitude anddirection of bed load transport rates are computed
based on the formulation presented in Eq. (1). The direction of sediment
transport is aligned with the tidal flows at the bottom computational
layer. Then a first-order upwind numerical scheme is used to transfer
bed load transport components from the water level points to U (x1 8:00) on the sandbank A. Continuous black lines denote the extent of the sandbank. The
Fig. 12. Horizontal velocity vectors (m/s) at surface (σ-layer 1), middle (σ-layer 5) and bottom layer (σ-layer 10) on the sandbank A, at maximum spring flood tide (19/09/2001 8:00).
Continuous black lines denote the extent of the sandbank. The upper most part of the black dashed line denotes the areas where currents veer and form small scale cyclonic eddies
throughout the entire water column. The colour bar indicates the magnitude of velocity and arrows indicate velocity direction.
253A. Chatzirodou et al. / Marine Geology 380 (2016) 245–263direction) andV (y direction) velocity points and ensure numerical stabil-
ity. The transport vectors are further corrected for bed-slope effects.
The selection of Van Rijn (1993) bed load transport formula is con-
sidered appropriate andmay be used to calculate sediment movements
of coarser sand particles with SedD50 exceeding the value of 2 mm
(2000 μm). However, it has been found that a deterministic bed load
transport model used for coarse-grained sands will possibly underesti-
mate the predicted sediment transport rates (Nelson et al., 1995;
Kleinhans and Van Rijn, 2002; Van Rijn, 2005). The critical bed shear
stress magnitude will increase, in response to the classical Shieldscurve at higher median grain size (SedD50) values leading to prediction
of lower sediment transport rates. It has also been proved that near-bed
turbulent structures may result in notably high transport rates even if
the computed bed shear stress is below the critical Shields value
(Kleinhans and Van Rijn, 2002) and that a deterministic bed load
transport model can be less appropriate for flows above complex bed
topography where turbulent boundary layers are developed (Nelson
et al., 1995; Lefebvre et al., 2014). Inside the Inner Sound channel the
gradually changing bathymetric profile results at least locally in a less
complex topography. Following that it can be argued that the
Fig. 13. Bed load sediment transport rates (m3/s/m), at maximum spring flood tide (19/09/2001 08:00) on the sandbank A. Continuous black lines denote the extent of the sandbank. The
colour bar indicates the magnitude of sediment transport rates and arrows indicate sediment transport direction.
254 A. Chatzirodou et al. / Marine Geology 380 (2016) 245–263deterministic Van Rijn (1993) bed load transport formula allows calcu-
lation of sediment movements with sufficient accuracy.
It should be noted that considering the type of sediment present on
the sea bed and the unavailability of any measurements, suspended
sediment transport was excluded in this study. This assumption is sup-
ported by the work of Bastos et al. (2004) and Berthot and Pattiaratchi
(2006) who argued that bed load transport alone is the governing
mode of sediment transport in shelf bank areas where sediments
range from medium to mobile coarse sand.
In case of a cold start tomodel runswhere the hydrodynamic model
takes time to stabilize the erosion/accretion patterns will not reflect
realistic morphological changes and should be ignored. It is found,
through experimental model runs that initial conditions need approxi-
mately 23 h to adapt to boundary conditions. Therefore, a spin up
time of 1440 min was set before morphological updating starts. If the
quantity of bottom sediment is limited and less than a user-definedFig. 14. Bed shear stresses (N/m2) atmaximum spring flood tide (19/09/2001 08:00) on the san
black dashed line denote the parts of maximum bed shear stresses which significantly exceedthreshold value the calculated bed load transport is scaled down to
prevent significant erosion and to assure the availability of sediment
for the transport calculations. The non-erodible areas will accumulate
a small amount of sediment so as to allow for an equilibrium transport
pattern to evolve.
5. Morphodynamics of the sandbank A
The existing sediment transport patterns and morphodynamics of
the sandbank areas A and B in the Inner Sound channel, which are
located at very close proximity to a proposed large scale tidal turbine
array installation, are of particular interest here. In many places, sub
tidal banks which lie few kilometres away from the coastline, can be
of significant importance to the coastal environment (Dyer and
Huntley, 1999). Their presence can serve as an important feeding
ground for fish populations and is associated with the existence ofdbank A. Continuous black lines denote the extent of the sandbank. The regions below the
the critical bed shear stress magnitude on the southern flank of the sandbank.
Fig. 15. Bed load sediment transport rates (m3/s/m) close to slackwater time (19/09/2001 11:20) on the sandbankA. Continuous black lines denote the extent of the sandbank. The colour
bar indicates the magnitude of sediment transport rates and arrows indicate sediment transport direction.
255A. Chatzirodou et al. / Marine Geology 380 (2016) 245–263ecologically important benthic communities. The morphodynamic
model was run for an equivalent of two spring-neap cycles between
09/09/2001 and 09/10/2001. It is worth noting that some differences
were found between the tidal current magnitudes in the first and
second spring tides which may be attributed to the inclusion of the N2
constituent in model runs. Maximum currents during the first spring
tide (19/09/2001) significantly increased sediment transport rates,
inflicting the notable bottom level changes. In the analysis presented
below the existing morphodynamic regime of the sandbanks A and B,
during maximum spring tide (19/09/2001) is discussed in detail.
5.1. Sandbank A: sediment transport patterns at spring ebb phase
At spring ebb phase (19/09/2001 2:40) currents enter the east sand-
bank A at its northern edge, as can be seen in Fig. 7. The currents veer
slightly and direct towards south-westward of the sandbank area.
Bottom velocities increase gradually from the east part of the sandbankFig. 16. Differences betweenmaximum ebb (02:40) and flood (08:00) bed load sediment
transport rates (m3/s/m) covering a full spring tidal cycle (19/09/2001) on the sandbank
A. The black dashed line denotes the area of sediment convergent zone. White arrows
indicate the direction of ebb- (zone 1) and flood- (zone 2) dominated sediment
transport. The colour bar indicates the magnitude of sediment transport rates.to the west. Maximum velocities are observed closer to the north-
northwest flank and reach a speed of more than 2.0 m/s at the bottom
layer (Fig. 7). Weak bottom currents reach velocities of less than
1.8 m/s towards the south-southeast flank.
It should be noted that over a semi-diurnal tidal cycle, currents in the
bottom layer are consistently offset relative to current vectors in the
surface layer. The direction of offset is the direction of the rotation of
the surface current vector relative to north, at each phase of the tidal
cycle. Following that it is found that the bottom ebb currents passing
over the sandbank area present towards the bank crest, a maximum an-
ticlockwise directionality offset of ~10°, in relation to surface tidal flows.
In a similar manner to ebb flows, bed load transport rates increase
towards the downstream flank of the sandy wedge reaching a maxi-
mum value of ~4.5 ∗ 10−4 m3/s/m. A notable reduction in transport
rates is observed towards the north-northeast crest of the sandbank
area (b2 ∗ 10−4 m3/s/m) (Fig. 8). Most of the bed load transport
processes occur towards the tip of the Island of Stroma, followed by a
downstream increase in sediment transport rates.
Closer to the sea bed the horizontal shear stresses and tidal currents
vectors have the same direction andmove coarser sediment fractions asFig. 17.Maximum bed load sediment transport rates (m3/s/m) at ebb (02:40) and flood
(08:00) spring tide (19/09/2001) on the sandbank A. The black dashed line denotes the
area of sediment convergent zone. The colour bar indicates the magnitude of sediment
transport rates and arrows indicate sediment transport direction.
Fig. 18.Differences betweenmaximumebb (02:40) andflood (08:00) in bed shear stresses (N/m2) covering a full spring tidal cycle (19/09/2001) on the sandbank A. Continuous grey lines
denote the extent of the sandbank. The black dashed line denotes the area of bed shear stress convergent zone. White arrows indicate direction of ebb- (zone 1) and flood- (zone
2) dominated shear stresses. The colour bar indicates the magnitude of bed shear stresses.
256 A. Chatzirodou et al. / Marine Geology 380 (2016) 245–263bed load transport. It should be noted that bed load transport can be
further affected in magnitude and direction by the bed level gradients
once the sediments are in motion (Walstra et al., 2007). The modelling
results show a slight change in direction of the transport gradients in
relation to the bottom velocities to account for the bed slope corrections
at the sandbank area.
The observed sediment transport in Figs. 7 and 8 can be explained by
the bed shear stresses occurrences at spring ebb tide (19/09/2001 2:40),
which are significantly larger than the critical values (Fig. 9) resulting in
notable sediment transport rates over the sandbank area. For the selected
SedD50 values at the eastward crest and thewestwardwedge of the sand-
bank A (see Section 4) the critical shear stress magnitude equals to 2.21
and 1.31 N/m2 respectively. Higher bed shear stresses can be observed
closer to the north-northwest flank followed by an increase in sediment
transport rates in the same direction (Fig. 8).
At neap ebb tide (26/09/2001 10:40) currents follow the same
pattern as during spring ebb tide but significantly weaker flows occur
on the sandbank A. Bottom velocities gradually increase in the south-Fig. 19.Maximum bed shear stresses (N/m2) at ebb (02:40) and flood (08:00) spring tide (19/0
black dashed line denotes the area of bed shear stress convergent zone. The colour bar indicatwestward direction and reach a maximum speed of around 0.9 m/s at
the north-westflank of the sandbank. Following that, bed load transport
mostly occurs in the direction of the current with peak rates reaching
0.16 ∗ 10−4 m3/s/m. It should be noted that most of the bed load
transport at the northern flank of the sandbank area occurs during the
spring ebb tide.
Closer to the end of the ebb phase of the tidal cycle (19/09/2001
05:20), bottom current velocities significantly decrease. Weaker
currents flow over the sandbank and reach speeds less than 1.0 m/s at
the north-west part of the sandy deposit. As a result, an overall decrease
in sediment transport rates can be found where sediment movement is
restricted mostly to the western edge of the northern flank (Fig. 10).
5.2. Sandbank A: sediment transport patterns at spring flood phase
At spring flood phase (19/09/2001 8:00), where surface velocities
reach their maximum (up to 5.5 m/s) strong currents, which are clearly
affected by the presence of the Island of Stroma, flow towards E-NE9/2001) on the sandbank A. Continuous grey lines denote the extent of the sandbank. The
es the magnitude of bed shear stresses and arrows indicate bed shear stress direction.
Fig. 20.Marked asymmetry in strength of the ebb and flood currents in the inner northward side of the sandbank A.
257A. Chatzirodou et al. / Marine Geology 380 (2016) 245–263direction. As can be seen in Fig. 11, currents travel in the north-
northeast direction over the sandbank A. Maximum velocities are ob-
served closer to the south-southwest flank of the sandbank and reach
a speed ofmore than 2.8m/s at the bottom layer, followed by increasing
velocity gradients further offshore (N3.2m/s) (Fig. 11). Flood tidal flows
significantly decrease as they cross over to the crest of the shelf bank
area and towards the northern flank. Following that, weak bottom cur-
rents reach velocities of less than 0.5 m/s. In a similar manner to ebb
phase, bottom currents present an anticlockwise directionality offset
between 4° to 14° in relation to surface tidal flows passing over the
sandbank area.
The presence of a small-scale, anticlockwise eddy can also be seen on
the northern flank region. Flood currents veer and create cyclonic
eddies throughout the entire water column as seen in Fig. 12, showing
the horizontal velocity vectors (m/s) at surface (σ-layer 1), middle
(σ-layer 5) and bottom layer (σ-layer 10) on the sandbank. It is found
that those transient circulation patterns developed during that half of
the tidal cycle are entirely dissipated at the next half of the cycle.
The computed bottom velocities on the sandbank area (0.5–3 m/s)
show a region of very strong tidal flows. Recorded peak tidal flows are
significantly larger in comparison to those seen on tidal sandbanks
observed elsewhere in the vicinity of headlands/islands [e.g. velocities
measured around Portland Bill, UK was less than to 1.4 m/s (Bastos
et al., 2002)].
At spring flood phase, the bed load transport rates on the south-
southwest flank of the bank area are significantly larger
(N10 ∗ 10−4 m3/s/m) than that during ebb phase, in response to
strong flood currents flowing in the same direction. Peak tidal velocitiesFig. 21.Marked asymmetry in strength of the ebb and floodreduce further downstream at the southern flank followed by a
decrease in gradients in sediment transport rates. Closer to the crest
and centre of the sandbank sediment transport rates are significantly
low (b2 ∗ 10−4 m3/s/m). Tidal flows decrease in magnitude as they
travel and exit the sandbank area at its northern side followed by a
notable decrease in sediment transport rates (Fig. 13).
At neap flood tide (26/09/2001 16:40) currents follow the same pat-
tern and significantly weaker flows are present towards the southern
flank of the sandbank area. Maximum bottom velocities reach 1.4 m/s
at the south-west edge of the bank with sediment transport rates
approaching 0.6 ∗ 10−4 m3/s/m. In the similar manner to ebb phase,
sediment transport at spring flood tide is significantly larger than that
during neap flood tide. It is found that the exceedance probability of
the critical shear stress magnitude during a spring tidal cycle (19/09/
2001) is 30% higher than during the neap tidal cycle (26/09/2001). Fol-
lowing these observations, it can be stressed that sediment transport
leading to notable morphological changes at the bank region occurs
mostly during the spring tide.
It is noted that sediment transport patterns do not necessarily follow
the flow pattern. Bed load transport is a non-linear process (Roos et al.,
2001; Bastos et al., 2003). The existence of a shelf bank area where
generally strong currents occur may depend on the dynamic balance
of sediment dynamics, which are mainly driven by the spatially and
temporarily varying currents and the excess bed shear stresses around
the bank (Soulsby, 1981). The above process in action is quite apparent
at the north flank of the sandbank region, where sediment transport
does not follow the observed, anticlockwise transient eddy of the tidal
current (Fig. 12). Here, the weak tidal currents in circulation do notcurrents in the outer southward side of the sandbank A.
Fig. 22. Residual bedload sediment transport rates (m3/s/m) for a spring tidal cycle (19/09/2001) on the sandbank A. The colour bar indicates the magnitude of sediment transport rates
and arrows indicate sediment transport direction.
258 A. Chatzirodou et al. / Marine Geology 380 (2016) 245–263allow bed shear stresses that exceed the critical bed shear stress to
move the sediment. However, the opposite is true on the southern
flank of sandbank A, as can be seen in Fig. 14.
It is found that throughout the development of those transient circu-
lation patterns sediment transport rates significantly increase in a
constrained zone between the crest/centre and the southern flank of
the sandbank area (Fig. 13). In contrast, significant sediment transport
rates can be observed over the whole bank area at spring ebb phase
(19/09/2001 2:40) (Fig. 8). The reductions in transport rates towards
the centre/crest of the sandbank area during both the peak flood and
ebb phase indicate a distinct sand accretion area.
Bottom current velocities are significantly smaller (b1.8 m/s) close
to slackwater time (19/09/2001 11:20), resulting in an overall decrease
in sediment transport rates. Sediment movement is confined to the
western most part of the southern flank where bed load transport
rates are less than b1 ∗ 10−4 m3/s/m (Fig. 15). In a short period of
time after slack water (04/10/2001 12:00), bottom currents are further
decreased (b0.8 m/s). Flow gradually reverses and weak ebb currentsFig. 23. Cumulative erosion/accretion (m) on the sandbank A over one month's period (from 0
(negative values) and cumulative accretion (positive values).enter the bank area from its northern side. Currents flow southwards
and insignificant sediment transport rates can be observed along the
northwest side of the sandbank, which reach a maximum value of
0.2 ∗ 10−4 m3/s/m.
5.3. Sandbank A: net sediment transport patterns and bed form dynamics
Modelling the existingmorphodynamic regime of the sandbank A
during two spring-neap tidal cycles reveals that the shelf bank area is
dynamic under the existing flow regime. Computed results of the dif-
ferences in maximum sediment transport during the ebb and flood
phases of a spring tidal cycle (19/09/2001) reveal an anticlockwise
sediment circulation pattern over the sandbank A. Following that,
an eastward net flood dominated sediment transport is observed as
shown in Fig. 16. In Fig. 16, two distinct zones of bed load transport
have been recognized. At the northern flank of the sandbank a net
sediment transport pathway (zone 1) can be observed with increas-
ing sediment transport gradients towards the tip of the island. Across9/09/2001 to 09/10/2001). The colour bar indicates the magnitude of cumulative erosion
Fig. 24.Horizontal velocity at the bottom layer (m/s) at maximum spring (19/09/2001) ebb (02:40) (left) and flood tide (8:00) (right) on the sandbank B. Continuous black lines denote
the extent of the sandbank. The colour bar indicates the magnitude of velocity and arrows indicate velocity direction.
259A. Chatzirodou et al. / Marine Geology 380 (2016) 245–263the southern part of the shelf bank area (zone 2) even higher sedi-
ment transport rates are observed further offshore from the tip of
the Island of Stroma which gradually decrease downstream in the
south-eastward direction. The two discrete sediment transport
areas result in a convergent zone where sediments rest towards the
centre of the sandbank.
It was found that sediment transport is larger during peak ebb
(19/09/2001 02:40) and flood (19/09/2001 08:00) flows than during
the rest of the tidal cycle, where bed load transport rates reach a
maximum value of ~10 ∗ 10−4 m3/s/m at the south-western part of
the bank area at spring flood phase (Fig. 17).
The difference in bed shear stresses during maximum ebb (02:40)
and flood (08:00) of the spring tidal cycle (19/09/2001) reveal an
intermediate boundary, formed by decreasing shear stress gradients
between two zones (Baston and Harris, 2011; Baston et al., 2013) at
the sandbank area (Fig. 18). It is found that the internal boundary
coincides with the observed sediment transport convergent zone shown
in Fig. 16. Bed shear stresses significantly increase towards the tip of the
Island of Stroma and closer to Mell Head and reach values higher than
80 N/m2. Shear velocities lie within the range 0.04–0.20 m/s and maxi-
mum bed shear stress magnitude varies from 18 to 75 N/m2 (Fig. 19).Fig. 25. Bed shear stresses (N/m2) at maximum spring (19/09/2001) ebb (02:40) (left) and floo
sandbank. Arrows indicate bed shear stress direction.Peak tidal flows indicate the predominant direction of sediment
transport (Johnson et al., 1982). Eulerian monitoring points located at
thenorthernflank in the inner side of the shelf bank area during a spring
tidal cycle (19/09/2001) reveal stronger ebb currents compared to flood
currents where flood flows reach amaximum speed of less than 0.5 m/s
(Fig. 20). As a result, sediments tend to move in the ebb direction. In
contrast, at the outer side southwards, stronger flood flows move
sediments in the direction of the peak flood currents (Fig. 21).
It should be noted that the residual bed load transport shows the
resultant net sediment transport patterns during a tidal cycle. The
residual sediment transport at the sandbank area over the tidal cycle
was computed using simulated flows during a full spring tidal cycle
(19/09/2001) taking the mean value of the bed load transport rates at
each time step and at each node of the morphodynamic grid, following
Bastos et al. (2003) (Fig. 22).
It was found that the residual bed load transport on the sandbank A
is significantly low where the maximum value, which occurs at the
south-western part of the sandbank, is about 2 ∗ 10−4m3/s/m.Observed
net ebb-dominated transport rates closer to the tip of the Island of
Stroma and flood-dominated transport rates away from the island
form a distinct anticlockwise sediment transport circulation pattern atd (08:00) (right) tide on the sandbank B. Continuous black lines denote the extent of the
Fig. 26. Bed load sediment transport rates (m3/s/m) at maximum spring (19/09/2001) ebb (02:40) (left) and flood (08:00) (right) tide on the sandbank B. Continuous black lines denote
the extent of the sandbank. The colour bar indicates the magnitude of sediment transport rates and arrows indicate sediment transport direction.
260 A. Chatzirodou et al. / Marine Geology 380 (2016) 245–263the shelf bank area. The resultant cumulative erosion/accretion at the
sandbank may be driven by the observed residual sediment transport
rates over a tidal cycle. As can be seen in Figs. 22 and 23, decreasing
bed load transport rates in the transport direction lead to accretion
whereas increasing transport will result in small regions of erosion on
the sandbank area during the two spring-neap cycles considered in
this study.
Positive/negative sediment transport gradients can lead to erosion
or deposition. High sediment transport rates alone may at times
often result in less significant morphological changes however, when
the transport gradients are larger, large bed changes can be seen
(Roelvink and Reniers, 2012). On the sandbank A, gradual changes to
transport gradients along with low sediment transport rates resulted
in small morphological changes over one month period (Fig. 23).Fig. 27. Differences betweenmaximum ebb (02:40) and flood (08:00) bed load sediment
transport rates (m3/s/m) covering a full spring tidal cycle (19/09/2001) on the sandbank B.
The black dashed line denotes the area of sediment convergent zone. White arrows
indicate the direction of ebb- (zone 1) and flood- (zone 2) dominated sediment
transport. The colour bar indicates the magnitude of sediment transport rates.However it is important to note that changes are likely to be greater
over long-term morphodynamic scales (annual to decadal scale).
Minor changes of centimetres over onemonth can be equivalent to sev-
eral metres when scaled up to years.
6. Morphodynamics of the sandbank B
6.1. Sandbank B: sediment transport patterns over one spring tidal cycle
At spring ebb phase (19/09/2001 2:40) near-bed currents flow
north-westward at the sandbank B. A gradient in bottom velocities is
observed from the south-west flank of the sandbank to the north-east
side. Tidal flows at the seabed at the eastern part of the bank are signif-
icantly weaker than that at the western part and reach a maximum of
1.5 m/s (Fig. 24). At spring flood phase (19/09/2001 8:00) maximum
velocities can be observed closer to the south-southeast flank and
reach a maximum of 2 m/s, followed by decreasing velocities towards
the north-westward (b1.6 m/s) (Fig. 24).
It should be noted that the computed bottom velocities over the
sandbank B (0.9–2.8 m/s) show a region of strong tidal flows. As can
be seen in Fig. 25, bed shear stresses on the sandbank B significantly
exceed the critical shear stress required to move the sediments, which
for the selected SedD50 value (see Section 4) is equal to 3.21 N/m2. Sed-
iment transport rates reach amaximum value of 4.65 ∗ 10−4 m3/s/m on
the south-west flank of the sandbank (Fig. 26). A decreasing gradient in
bed load transport is further observed to the eastwards, away from the
tip of the Island of Stroma. At spring flood phase, sediment transport
gradient decreases towards the south-eastward part of the bank. Bed
load transport direction exhibits a slight clockwise veering, in response
to strongflood currents and transport rates reach amaximum lowvalue
of 1.6 ∗ 10−4 m3/s/m towards the tip of Stroma (Fig. 26).
Maximumbed shear velocities are not evenly distributed around the
tip of the Island of Stroma during a spring tidal cycle (19/09/2001). It
seems that the localized interactions between currents and sea bed to-
pography highly influence and asymmetrically distribute bed velocities
on the bank areas during the tidal cycle. The currents at both spring ebb
and flood tide accelerate closer to the tip of Island of Stroma and de-
crease in magnitude further offshore. The intensity of the accelerated
current depends on the width to length (w/l) ratio of the island and
Fig. 28. Differences between maximum ebb (02:40) and flood (08:00) in bed shear
stresses (N/m2) covering a full spring tidal cycle (19/09/2001) on the sandbank B.
Continuous black lines denote the extent of the sandbank. The black dashed line denotes
the area of bed shear stress convergent zone. White arrows indicate direction of ebb-
(zone 1) and flood- (zone 2) dominated shear stresses. The colour bar indicates the
magnitude of bed shear stresses.
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2008). The numerical case study of White and Wolanski (2008) states
that for w/l ratios greater than 0.25, as is the case of Stroma where the
ratio equals to ~0.45 and for less sharp-edged tips, accelerating currents
are more intense. The southern tip of Stroma (see Fig. 4) presents an
asymmetry. Flood flows approaching from its west side face a less-
sharp edged tip, in comparison to ebb flows flowing from the east
side. As a result, during spring ebb tide, velocities which increase in
the westward direction reach a maximum value of 0.2 m/s closer to
the tip of the island. However, a shift of more intense velocities to the
eastward is observed during spring flood tide, which reaches 0.23 m/s
in the lee of the island. The intensity of the velocity field on both sand-
banks highly depends on the locality with respect to island's tip. The ve-
locities are higher on the eastward sandbank A (0.02–0.20 m/s) lyingFig. 29. Residual bedload sediment transport rates (m3/s/m) for a spring tidal cycle (19/09/200
and arrows indicate sediment transport direction.closer to Stroma than on the westward sandbank B (0.03–0.18 m/s)
which is located further from the Island of Stroma. It should be noted
that overall, the maximum bed velocity occurred here is significantly
larger than that reported elsewhere in the vicinity of headlands/islands,
(e.g. that observed around Portland Bill, UK was around 0.1 m/s, Bastos
et al. (2002)).
At neap tide (26/09/2001)weaker currents follow the same pattern.
Maximum near-bed ebb (10:40) currents reach 1 m/s to the westward
flank of the bank followed by peak sediment transport rates of
0.02 ∗ 10−4m3/s/m. It should benoted that sediment transport processes
mostly occur at spring tide.
6.2. Sandbank B: net sediment transport patterns and bed form dynamics
The existing morphodynamics of the sandbank B were modelled
over a period of two spring-neap tidal cycles. Results on the differences
in maximum sediment transport rates covering a spring tide (19/09/
2001) reveal a clockwise circulation pattern on the small bank
(Fig. 27). A north-eastward ebb dominated sediment transport can be
observed and two zones of sand movements in opposite direction
have been recognized. Higher sediment transport rates are found in
the western flank (zone 1). Transport gradients decrease northwards,
forming a convergent zone where sediments are deposited. As a result,
the sandbank B has taken a more elongated shape. Across the eastern
part of the sandbank (zone 2) small sediment transport rates are
observed towards south-eastward direction.
As already noted, the differences in maximum bed shear stresses
during ebb (02:40) and flood (08:00) spring cycle (19/09/2001) change
sediment transport rates during flood and ebb tide (Fig. 28). As a result,
an internal boundary is formedwhere decreased gradients in bed shear
stresses coincide with the sediment transport convergent zone denoted
in Fig. 27.
The resultant cumulative erosion and accretion patterns of the sand-
bank can be determined by the observed residual (mean) sediment
transport rates, which have been computed for a period covering a
spring tide (19/09/2001) (Fig. 29). Observed net ebb-dominated trans-
port rates away fromandflood–dominated transport towards the Island
of Stroma form a distinct clockwise sediment transport circulation
pattern. The sandy deposits on the bank erode southwards; in response1) on the sandbank B. The colour bar indicates the magnitude of sediment transport rates
Fig. 30.Cumulative erosion/accretion (m) on the sandbank B area over onemonth's period
(from 09/09/2001 to 09/10/2001). The colour bar indicates the magnitude of cumulative
erosion (negative values) and cumulative accretion (positive values).
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sediments mostly move and accumulate at the northern part of the shelf
bank area.
As can be seen in Fig. 30, a notable bed change can be observed on
the sandbank B during two spring-neap tidal cycles. Sediments travel
northward and reshape the bank into a more elongated shape. The
sandbank volume is preserved but the bank feature seems quitemobile.
Ebb-dominated, residual transport rates consistently rework sediments
since they are mostly driven by the asymmetry found between the ebb
and the flood currents inside the channel. However, due to the unavail-
ability of measured data on sandbank dynamics, further investigation of
this is not possible.
7. Concluding remarks
In this study a high resolution 3D hydrodynamic-morphodynamic
model was used to explore the morphodynamics of two substantial
sandbanks A, B located in the Inner Sound channel of Pentland Firth,
Scotland, UK. The sandbanks lie on offshore seabed where water
depth exceeds 18 m. Sediment availability in Pentland Firth is limited
however sandy deposits lie on the scoured bed rock in some regions.
We described sand coverage inside the Pentland Firth, Inner Sound
channel via interrogation of data provided by the MSS (2010) video
trawls, BGS (2013) particle size data and the geological conditions
available in the MeyGen EIA Quality Mark Report (MeyGen, 2012).
Hydrodynamic simulations from a fully validated regional Pentland
Firth model provided the boundary conditions for the high resolution
3D local scale hydrodynamic-morphodynamic model of the Inner
Sound. Investigation of the sandbanks dynamics for a period of two
spring-neap tidal cycles showed that they are dynamic and variable
under the existing flow regime. Bed shear stresses on the sandbank
areas significantly exceeded the critical values required for sediment
movement only during maximum ebb and flood flows. The sediment
eventually moved over time in the direction of relatively low residual
sediment transport rates. Positive/negative residual sediment transport
gradients led to erosion or accretion patterns on the two sandbanks.
Bed shear velocity magnitudes, which in turn controlled sediment
transport, were higher on the sandbank A than on the sandbank B. It
was found that the interactions between highly energetic currents and
local sea bed topography influence and unevenly distribute bed shear
velocities on the two sandbank areas.
On sandbank A, an eastward flood-dominated sediment transport
was observed. The sandbank eroded on the flank regions and sedimentsettled towards the central parts of the bank. Small bed level changes
occurred over one month period, which are likely to be higher over
long term morphodynamic scales (years to decades) if same trends
continue over long periods of time, which may have potential effect
on the local macrobenthos and species diversity. On sandbank B,
a northward ebb-dominated sediment transport induced notable
sandbank movement. The sandbank volume was preserved but the
sandy feature was quite mobile. Ebb-dominated, residual transport
rates consistently moved sediments northward and reshaped the west
bank in a more elongate shape.
As a result of the prevalence of extremely large tidal currents, the
Inner Sound Channel of Pentland Firth is a highly favoured area for in-
stream tidal power developments. The results indicate that the complex
flow structure present in the Inner sound channel is responsible for the
formation, maintenance and evolution of the sandbanks investigated in
this study. The results also reveal that as the location and the morpholo-
gy of the sandbanks are strongly linked with the existing hydrodynamic
regime, any changes to flow field as a result of tidal stream energy
extractionmay significantly alter the dynamics of the banks, thus leading
to erosion/accretion or migration. Therefore, this modelling study gives
useful insight to potential impacts of tidal stream energy generation
installations on these delicate sea bed features. Further study using the
current modelling setup is in progress to map those impacts.
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